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ABSTRACT
We use the synoptic maps of the photospheric magnetic field observed at Wilcox
Solar Observatory, Mount Wilson Observatory, Kitt Peak, SOHO/MDI, SOLIS/VSM,
and SDO/HMI to study the distribution of weak photospheric magnetic field values
in 1974-2018. We fit the histogram distribution of weak field values for each synoptic
map of the six data-sets separately with a parametrized Gaussian function in order to
calculate the possible shift (to be called here the weak-field asymmetry) of the maxi-
mum of the Gaussian distribution from zero. We estimate the statistical significance
of the weak-field asymmetry for each rotation. We also calculate several versions of
lower-resolution synoptic maps from the high-resolution maps and calculate their rota-
tional weak-field asymmetries. We find that the weak-field asymmetries increase with
decreasing map resolution. A very large fraction of weak-field asymmetries are statisti-
cally significant, with the fraction of significant weak-field asymmetries increasing with
decreasing resolution. Significant weak-field asymmetries of high- and low-resolution
maps mainly occur at the same times and have the same sign. Weak-field asymmetries
for the different data-sets and resolutions vary quite similarly in time, and their mutual
correlations are very high, especially for low-resolution maps. These results give strong
Corresponding author: Tibebu Getachew
tibebu.ayalew@oulu.fi
ar
X
iv
:1
90
4.
10
86
6v
1 
 [a
str
o-
ph
.SR
]  
24
 A
pr
 20
19
2 Getachew et al.
evidence for weak-field asymmetries reflecting a real feature of weak field values, which
is best seen in medium- and low-resolution synoptic maps and is most likely related to
the supergranulation scale of the photospheric field.
1. INTRODUCTION
The Sun’s photospheric magnetic field is the source of the coronal and heliospheric magnetic fields
(see, e.g., Wilcox & Howard 1968; Svalgaard & Wilcox 1976; Svalgaard et al. 2011; Getachew et al.
2017). Detailed study of the fundamental properties of the solar photospheric magnetic field is
crucial to understand the Sun’s radiative and particle outputs that affect the Earth’s near-space
environment, as well as the entire heliosphere. Photospheric magnetic field data is an essential
parameter for space weather and space climate. Solar magnetic field models are used to extrapolate
the photospheric magnetic field into the corona and heliosphere.
The large-scale photospheric magnetic field has been measured since 1950s (Babcock 1953). How-
ever, routine photospheric magnetic field observations began at the Mount Wilson Observatory
(MWO) in the 1970s (Howard et al. 1983; Howard 1989), which stopped observations in January
2013. Observations of the photospheric magnetic field have also been made at the National Solar
Observatory (NSO, Livingston et al. 1976) and at the Wilcox Solar Observatory (WSO) since the
1970s (Svalgaard et al. 1978; Hoeksema 2010). At NSO Kitt Peak Vacuum Telescope (KPVT) two
instruments were used: the 512-channel magnetograph in 1975 – 1993 and spectromagnetograph in
1992 – 2003. KPVT was succeed by Synoptic Optical Long-term Investigations of the Sun (SO-
LIS) telescope and the Vector Spectromagnetograph (VSM) in 2003. Space-based high resolution
magnetic field observations were obtained from the Michelson Doppler Imager (MDI) instrument
on-board the Solar and Heliospheric Observatory (SOHO) spacecraft from 1996 – 2011 (Scherrer et al.
1995). Space-based high resolution vector magnetic field observations are provided by the Helioseis-
mic and Magnetic Imager (HMI) on-board the Solar Dynamics Observatory (SDO) spacecraft since
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2010 (Schou et al. 2012; Hoeksema et al. 2014).
The existing photospheric magnetic field data-sets are produced using different instrumentations
and mostly using different measurement techniques. Therefore, the magnetic field intensity varies
significantly between the observatories. Several studies have been carried out to compare the differ-
ent photospheric magnetic field data-sets and their mutual relationship (see, e.g., Riley et al. 2014;
Virtanen & Mursula 2017).
In this article we study the distribution of weak photospheric magnetic field values using several
different data-sets. The maximum of the weak-field distribution is often slightly shifted from zero.
The non-zero peak location, also called the zero-level offset, is commonly considered to result from
the many observational challenges and problems related to the magnetograph instruments. Based
on an earlier idea by Ulrich et al. (2002), Liu et al. (2004) used a two-fold method to remove the
zero-level offset from the magnetic field observations. They first made a Gaussian fit to the weak
field values in order to find the offset of each image and then, by high-pass filtering, removed the
highly-fluctuating (random) part of the zero-level offset values. This method has been used, at least,
to correct the magnetic field observations made by the SOHO/MDI and SDO/HMI instruments. All
magnetograph instruments correct their observations for the zero-level offset, although the related
methods are not always very well documented. Moreover, at all magnetograph observatories, the
synoptic maps are constructed from the zero-level offset corrected images.
In analogy with the method of Liu et al. (2004), we fit a Gaussian function to the histogram
distribution of weak field values in order to study the possible shift of weak field values of synoptic
maps. If the maximum of the fitted distribution is not at zero field value, the corresponding non-zero
field value of the distribution maximum is defined as the weak-field asymmetry. Despite the similar
method, we use a different term for the offset (shift) in order not to confuse the current shifts with
the (already removed) zero-level offsets. We apply this method for the synoptic maps of different
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data-sets and make a comparative study of the obtained weak-field asymmetries. We also study
weak-field asymmetry values for different resolutions of a given data-set by changing the resolution
of the synoptic maps. Our results show that the weak-field asymmetries reflect a real feature of the
distribution of weak photospheric magnetic field values. The paper is organized as follows. Section
2 presents the data and methods used. Section 3 focuses on the weak-field asymmetries of HMI
data and Section 4 discusses the weak-field asymmetries of MDI data. Section 5 discusses the
weak-field asymmetries of KPVT and SOLIS/VSM data. Sections 6 and 7 present the weak-field
asymmetries of MWO and WSO data, respectively. We compare the weak-field asymmetries of the
different data-sets in Section 8. Finally, we discuss the results and give our conclusions in Section
9.
2. DATA AND METHODS
In this paper we use measurements of the photospheric magnetic field at WSO, MWO, KPVT,
MDI, SOLIS/VSM, and HMI to calculate the weak-field asymmetry. (See later for a brief review
of each data-set. Detailed reviews of these data-sets can be found, e.g., in Riley et al. (2014) and
Virtanen & Mursula (2016)). We fit the histogram distribution of measured field values for each
synoptic map of the six data-sets separately with a parametrized Gaussian function to calculate the
position of the peak of the Gaussian distribution. The parametrized Gaussian function given by
φ = c exp
(
−1
2
(
Bi − a
b
)2)
(1)
is fitted to the histogram distribution, where Bi are the field values, and the three parameters a, b and
c give the position of the peak (the weak-field asymmetry), the width of the Gaussian distribution
(standard deviation) and the amplitude, respectively. The three model parameters are determined
using least squares regression based on Gauss-Newton method.
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We calculated the fitted values of a (hereafter called weak-field asymmetry values) for all synoptic
maps of all six data-sets, and studied their long-term evolution over several solar cycles. Note
that synoptic maps are constructed from daily magnetograms that, before construction, have been
corrected for the (instrumental) zero-level offsets. In order to assess the significance of the weak-field
asymmetry, we applied Student’s t-distribution given as
tˆ =
µ
Sµ
(2)
where Sµ is the error of the mean µ (the fit value of a). We compared the calculated tˆ value to the
corresponding precalculated statistic, tα,n−3 value, where α is the significance level and n = 6001
(for HMI high resolution data). The value of µ is statistically significant at 99% confidence level, if
tˆ > t0.01,n−3 (for a 99% confidence interval, α = 0.01).
To compare weak-field asymmetry values between low- and high-resolution versions of a given
synoptic map, block averaging method is applied. Let the (original) high resolution map consist of
N = Nφ ∗Nθ pixels, where Nφ is the number of longitude pixels and Nθ the number of sine-latitude
pixels. Then the high resolution map is averaged to blocks of L pixels, where L < N to give a
map that has N/L pixels, where the pixels of the low-resolution map have a larger area than the
pixels of the high-resolution map. It is worth noting that converting the high-resolution map to a
low-resolution synoptic map by averaging magnetic field values to larger pixels does not give exactly
the same result as original observations at lower resolution. In other words, block-averaging the
magnetic field of the high-resolution synoptic data over a particular area does not yield exactly the
same field strength as obtained from the line shift over that area (see also Riley et al. 2014). In
addition, block-averaging may sum up some of the large field values of the high-resolution maps to
(some of the) small field values of the low-resolution maps, which modifies the distribution of the
weak-field values.
3. WEAK-FIELD ASYMMETRIES OF HMI SYNOPTIC MAPS
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In this paper we use the 3600*1440 HMI radial-field synoptic maps (equally spaced in longitude and
sine-latitude, whence each pixel of the synoptic map represents the same surface area on the solar
surface). In the HMI data pipeline, the 3600*1440 synoptic maps are constructed as follows (Liu
et al. 2012; Hoeksema et al. 2014; Hayashi et al. 2015): The 4096*4096 HMI 720s LOS magnetograms
are first converted to pseudo-radial field magnetograms by assuming that the photospheric field is
approximately radial. Pseudo-radial magnetograms are then remapped and interpolated onto a very
high-resolution Carrington coordinate grid. The possible zero-level errors of these high-resolution
HMI magnetograms are removed using the method proposed by Liu et al. (2012), which was first
applied to MDI data (see later in Sections Section 4). Zero-offset corrected pseudo-radial field
magnetograms in the Carrington system are then averaged to give the 3600*1440 pseudo-radial
synoptic map. The field values at each longitude of the radial synoptic map are the average of the
field values nearest to the central meridian from the 20 best 720s cadence magnetograms, covering
4 hours (equivalent to 2.2o longitude), i.e., within ±1.1o of central meridian. The HMI synoptic
maps included in this paper cover Carrington rotations (CR) 2097−2207, i.e., the time interval from
2010.4 – 2018.7. The synoptic maps used in this paper include only the visible areas of the solar disk,
i.e, poles are not filled at times when the polar regions are partly invisible due to the ±7.25o tilt of
the Earths orbit with respect to the heliographic equatorial plane.
We derived different sets of medium- and low-resolution HMI synoptic maps (360*180, 180*72,
120*48, and 72*30) from the original HMI 3600*1440 synoptic maps to investigate the effect of data
resolution on the weak-field asymmetries. The values of each pixel of the 360*180, 180*72, 120*48,
and 72*30 resolution synoptic maps are block-averages of the values of 10 ∗ 8, 20 ∗ 20, 30 ∗ 30 and
50 ∗ 48 pixels in the original synoptic map, respectively. Figure 1 shows an example of an HMI
synoptic map at the five different resolutions for CR 2172 (December 25, 2015 – January 21, 2016).
As can be seen in Figure 1, the five synoptic maps are quite similar, but the fine structure of the field
is more visible as the resolution increases, as expected. On the other hand, the large-scale structure
of the field, in particular the spatial extent and magnetic polarity of the largest active regions and
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Figure 1. HMI synoptic map for CR 2172 at different resolutions. From top to bottom: 3600*1440,
360*180, 180*72, 120*48 and 72*30 resolution maps.
the polar regions, are more clear in the low-resolution maps.
Figure 2 shows an example of the distribution of weak photospheric magnetic field values for CR
2172 obtained from the synoptic maps of three different resolutions (3600*1440, 120*48 and 72*30).
The photospheric magnetic field distribution (histogram) with a bin size of 0.1G is derived for pixels
that have values within ±10G (upper row of Figure 2). The bottom row of Figure 2 depicts the
blow-up of the upper row plots showing field values within ±2G. (Weak-field asymmetries do not
depend on the range of the fit, at least between about 5G and a few hundred G, as also earlier noted
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Figure 2. Distribution of field values of HMI synoptic maps for CR 2172 at three different resolutions.
Black curve shows the histogram distribution, and red curve the Gaussian fit. Upper row from left to right
shows the distribution for 3600*1440, 120*48 and 72*30 resolution maps between −10G to +10G. Bottom
row is the blow-up of the upper row plots, for smaller field values.
by Liu et al. (2004)). Note that, when reducing the spatial resolution of the synoptic maps, the
relative fraction of small field values increases. At the same time, the distribution becomes
more Gaussian, since averaging modifies the distribution of field values towards normal
distribution. This supports our usage of the Gaussian to fit the field values. As can
be seen in Figure 2, the maximum of the distribution for the 3600*1440 resolution synoptic map is
obtained quite close to the zero-field value. Accordingly, there is no visible weak-field asymmetry in
this case. The weak-field asymmetry of the distribution for the 120*48 synoptic map is about +0.2G
and clearly visible in Figure 2 (especially lower panel). For the 72*30 resolution synoptic map, the
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maximum of the Gaussian distribution is even larger, about +0.3G. Note also that the maximum of
the histogram distribution happens to be at about +0.6G.
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Figure 3. HMI synoptic map weak-field asymmetries for 3600*1440 (red line), 360*180 (green line), 180*72
(blue line), 120*48 (black line) and 72*30 (cyan line) resolutions are shown in the top left panel. In other
five panels the statistically significant and insignificant weak-field asymmetries are noted by green and red
asterisks, respectively, and are repeated in separate panels for each resolution.
Figure 3 shows the HMI weak-field asymmetry values (from Gaussian fit) for each synoptic map, as
well as their statistical significance at 99% confidence level. The top left panel of Figure 3 shows the
rotational values of the weak-field asymmetries of HMI synoptic maps for all five different resolutions.
Other panels of Figure 3 reproduce the weak-field asymmetries from the upper left panel in order
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to show their statistical significance. Weak-field asymmetries which are statistically significant (sig-
nificantly different from zero) are marked with green asterisk. All other weak-field asymmetries are
not significantly different from zero and are marked with red asterisk. Out of 111 cases (rotations),
there are 45, 46, 72, 83 and 96 statistically significant weak-field asymmetry values for 3600*1440,
360*180, 180*72, 120*48 and 72*30 resolution synoptic maps, respectively. This implies that more
than 60% of the weak-field asymmetry values of the 180*72, 120*48 and 72*30 resolution synoptic
maps are statistically significant. Even for the two highest-resolution maps 41% and 42% of the
weak-field asymmetry values are statistically significant.
As can be seen in the upper left panel of Figure 3, the values of the weak-field asymmetries are
quite different for the distributions of the high- and low-resolution data. For highest-resolution HMI
synoptic map (1440*3600), the weak-field asymmetries are quite small, although different from zero
in 41% of cases. As noted above, since the original (3600*1440) HMI synoptic maps are constructed
from zero-level offset corrected magnetograms, the weak-field asymmetry of the high-resolution syn-
optic map is expected to remain quite small. As the spatial resolution of the data is decreased, the
maximum of the field distribution shows larger weak-field asymmetry values.
We note that the significant weak-field asymmetries tend to have the same sign and to occur at
the same times at all resolutions despite their different absolute values. For instance, 59% of sig-
nificant weak-field asymmetries of the 180*72 maps occur at the same time as significant weak-field
asymmetries of the 120*48 synoptic maps and 80% of significant weak-field asymmetries of 120*48
maps are included within the times of the significant weak-field asymmetries of the 72*30 resolution
maps. Also 70% of significant weak-field asymmetries of the highest-resolution (3600*1440) synoptic
maps occur at the same time as significant weak-field asymmetries of the lowest resolution (72*30)
synoptic maps. This implies that weak-field asymmetries, even for the very small values of the
high-resolution maps are not randomly distributed, but are mainly clustered to certain common
times. As will be shown later, the weak-field asymmetries of the HMI synoptic maps also show a
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similar pattern with the weak-field asymmetries derived from the other instruments, which further
verifies the non-random nature of the observed asymmetries.
The most essential feature of HMI weak-field asymmetries is the long sequence of negative values
in 2 – 3 successive years in 2013 – 2015, which maximizes at the turn of 2014/2015. There is also
a sequence of (slightly smaller) positive values in 2011 – 2012 and in 2015 – 2017. The length and
height of the weak-field asymmetries at these times depend on the resolution of the map, reflecting
the occurrence and correlation of the significant asymmetry times described above.
4. WEAK-FIELD ASYMMETRIES OF MDI SYNOPTIC MAPS
The original MDI synoptic maps used in this paper have 3600*1080 pixels (equally spaced in lon-
gitude and sine-latitude). These synoptic maps give the pseudo-radial fields, where missing values
in the polar regions are not filled. (Details about MDI data can be found, e.g., in Scherrer et al.
1995; Liu et al. 2004). We briefly discuss below the construction process of MDI synoptic maps.
At MDI, a one-minute magnetogram (1024*1024 resolution) is created from four filtergrams at 96
minutes cadence. Magnetograms are remapped to a high resolution Carrington coordinate grid and
converted to a pseudo-radial field.
Liu et al. (2004) derived the MDI weak-field shifts using the same method as used in this paper.
They showed that some weak-field shifts are systematically non-zero, implying that a fraction of shifts
are physically relevant. They used a high-pass filter to the time series of calculated weak-field shifts
to exclude random shifts (zero-offsets). Accordingly, level 1.8 MDI magnetograms are corrected for
zero-offsets, and the 3600*1080 resolution synoptic maps are derived from the zero-offset corrected
pseudo-radial level 1.8 magnetograms. One pixel in MDI synoptic map is the average of nearly
central meridian measurements of approximately 20 one-minute individual magnetograms, with an
effective temporal width of about one day, i.e., within ±7o of central meridian.
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We calculated four sets of low-resolution MDI synoptic maps (360*180, 180*54, 120*36 and 72*30)
from 3600*1080 resolution synoptic map. The MDI synoptic maps included in this paper cover CR
1909 – 2100, i.e., between 1996.3 – 2010.6. Figure 4 shows the MDI weak-field asymmetries and their
statistical significance at 99% confidence level. The upper left panel shows the time evolution of
weak-field asymmetry values derived from the five different resolution synoptic maps. Other panels
of Figure 4 reproduce the weak-field asymmetries from the upper left panel with their statistical
significance, as for HMI in Figure 3.
As can be seen in Figure 4 the MDI weak-field asymmetries, especially those calculated from
3600*1080 (original) and 360*180 synoptic maps show strong semi-annual oscillation after 2003.
The time intervals when the MDI weak-field asymmetries show strong semi-annual oscillation coin-
cides with the time interval when the SOHO probe has been repeatedly rolled upside down every
three months after an antenna failure. Because one (north-east) of the four quadrants of MDI is
more noisy than others, the 3-monthly re-orientation of SOHO produces the observed semi-annual
oscillation. Although this semi-annual oscillation has a less dramatic effect for the asymmetries of
the low-resolution synoptic maps, we must consider SOHO/MDI weak-field asymmetries as largely
unreliable after 2003. Moreover, problems in MDI shutter cause increased zero-level error since early
2000. It is unclear how well this error has been removed from level 1.8 magnetograms and synoptic
maps.
As can be seen in Figure 4, out of 82 cases (rotations) within the times between 1996.3 – 2003,
more than 80% of the weak-field asymmetry values of all the five synoptic maps are statistically
significant and more than 72% of these sets of significant asymmetries of all the five synoptic maps
tend to occur at the same times. Note that all the MDI synoptic maps at five different resolutions
depict negative weak-field asymmetries for 2 – 3 consecutive years in 1999 – 2002, and slightly positive
weak-field asymmetry values in 2003.
5. WEAK-FIELD ASYMMETRIES OF KPVT AND VSM SYNOPTIC MAPS
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Figure 4. MDI synoptic map weak-field asymmetries for 3600*1080 (red line), 360*180 (green line), 180*54
(blue line), 120*36 (black line) and 72*30 (cyan line) resolutions are shown in the top left panel. In other
five panels the statistically significant and insignificant weak-field asymmetries are noted by green and red
asterisks, respectively, and are repeated in separate panels for each resolution.
Synoptic maps of the photospheric magnetic field have been produced at the NSO Kitt Peak
(KP) using KPVT telescope from CR 1625 – 2007, i.e., between 1975.1 – 2003.7 and SOLIS/VSM
instrument from CR 2007 – 2196, i.e., between 2003.7 – 2017.8. KPVT telescope included the 512-
channel magnetograph in 1975 – 1993 and spectromagnetograph in 1992 – 2003.7. The KPVT synoptic
maps have 360*180 pixels (equally spaced in longitude and sine-latitude). We also derived 72*30
resolution synoptic maps from these 360*180 KPVT synoptic maps. Note that the KPVT synoptic
maps give the pseudo-radial field and the missing values of the polar regions are filled.
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SOLIS/VSM synoptic maps are constructed from magnetograms measured under good weather
conditions during a temporal window of 40 days, and several (up to 60) magnetograms are used to
construct one synoptic map. The VSM synoptic map is the average of these full disk magnetograms
weighted by cos4 (CMD), where CMD is the central meridian distance. The VSM synoptic maps
used in this study have 1800*900 pixels (equally spaced in longitude and sine-latitude) from which
we calculated two sets of low-resolution synoptic maps (360*180 and 72*30). VSM synoptic maps
give the pseudo-radial fields without polar filling. (Details about VSM data can be found, e.g., in
Bertello et al. 2014).
Figure 5 shows KPVT (1975.1 – 2003.7) and VSM (2003.7 – 2017.8) weak-field asymmetries and
their statistical significance at 99% confidence level. As can be seen from Figure 5, the weak-field
asymmetries of the 360*180 and 72*30 KPVT synoptic maps are closely similar except that 72*30
KPVT synoptic maps have somewhat larger values than the 360*180 maps. The weak-field asym-
metry values calculated from the VSM synoptic maps greatly depend on the resolution of the data.
Weak-field asymmetries are quite small in the high-resolution data (1800*900) but the values increase
as the resolution of the data becomes lower. Overall, KPVT asymmetries are considerably larger
than for VSM (or HMI and MDI) at similar resolution. This difference is particularly clear for
360*180 resolution. Also, the KPVT asymmetries are clearly larger during the 512-channel magne-
tograph period than later during the spectromagnetograph. The exceedingly large KPVT weak-field
asymmetry values may be due to the well-known problems in the data of these instruments that are
being corrected (Harvey & Munoz-Jaramillo 2015).
Out of 169 cases (rotations) in VSM maps, there are 67 (40%), 74 (44%) and 129 (76%) statistically
significant weak-field asymmetry values for 3600*1080, 360*180 and 72*30 maps, respectively. Out
of 67 significant weak-field asymmetries of the 3600*1080 maps, 33 (49%) occur at the same time
as significant weak-field asymmetries of the 360*180 VSM synoptic maps and out of 74 significant
weak-field asymmetries of 360*180 VSM maps 55 (74.3%) are included within the times of the signif-
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Figure 5. KPVT and VSM synoptic maps weak-field asymmetries for 1800*900 (red line), 360*180 (green
line), and 72*30 (cyan line) resolutions are shown in the top panel. In other three panels the statistically
significant and insignificant weak-field asymmetries are noted by green and red asterisks, respectively, and
are repeated in separate panels for each resolution. KPVT instrument update in 1993.2 is indicated by a
thin vertical dashed line, KPVT and VSM are separated by a thick vertical dashed line.
icant weak-field asymmetries of the 72*30 VSM maps. Interestingly, out of 67 significant weak-field
asymmetries of the highest resolution (3600*1080) synoptic maps 55% occur at the same time as sig-
nificant weak-field asymmetries of the lowest resolution (72*30) VSM synoptic maps. Similarly, out
of 377 cases (rotations) in KPVT maps, there are 328 (87%) and 344 (91%) statistically significant
weak-field asymmetry values for 360*180 and 72*30 resolution synoptic maps, respectively. Out of
328 significant weak-field asymmetries of the 360*180 KPVT maps, 306 (93.3%) occur at the same
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time as significant weak-field asymmetries of the 72*30 KPVT synoptic maps.
Note that VSM (see Figure 5) and HMI (see Figure 3) depict negative weak-field asymmetry values
in 2013 – 2015 and positive values before and after this period very similarly. This is particularly
clearly visible for the 72*30 resolution maps. Note that not only the timing but also the absolute
values of asymmetries are very similar for this two instruments. These similarities further prove that
most weak-field asymmetries are physical, not random.
6. WEAK-FIELD ASYMMETRIES OF MWO SYNOPTIC MAPS
The original MWO synoptic map gives the line-of-sight photospheric magnetic field with a resolu-
tion of 971*512 evenly spaced in both longitude and latitude (rather than sine-latitude), from which
we calculated the pseudo-radial field. The MWO synoptic map is constructed from 512*512 magne-
tograms corrected for instrumental zero-offsets. Magnetograms are constructed by over-sampling the
original observations obtained using the 12 and 20 arcsec squared apertures. (Details about MWO
data can be found, e.g., in Ulrich et al. 2002; Ulrich & Tran 2013). We use all the available MWO
synoptic maps from 1974.5 – 2013 in their original format, where the missing values of the polar
regions are not filled. We also derived other two sets of low-resolution synoptic maps (360*180 and
72*30) by first re-sampling the original synoptic data using nearest neighbor method to very high
resolution (20160*10080 equally spaced longitude and sine-latitude points) and then block averaging
this very high-resolution map to 360*180 and 72*30 maps.
Figure 6 shows the weak-field asymmetry values of the MWO synoptic maps at three different
resolutions. The weak-field asymmetries derived from the three sets of synoptic maps are surprisingly
similar, the weak-field asymmetry values of the 72*30 maps being only slightly larger than the two
other sets. There is no similar clear increase of asymmetries with decreasing resolution for MWO, as
found especially for HMI and SOLIS/VSM. This is probably related to the lower effective resolution
of MWO than HMI and VSM, with MWO high-resolution results reflecting the over-sampling. This
is seen also in the very good correlation of asymmetry times. Out of 507 cases (rotations), more than
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Figure 6. MWO synoptic map weak-field asymmetries for 971*512 (red line), 360*180 (green line), and
72*30 (cyan line) resolutions are shown in the top panel. In other three panels the statistically significant
and insignificant weak-field asymmetries are noted by green and red asterisks, respectively, and are repeated
in separate panels for each resolution.
90% of the weak-field asymmetry values of all the three synoptic maps are statistically significant
and more than 93% of these sets of significant asymmetries of all the three synoptic maps tend to
occur at the same times.
7. WEAK-FIELD ASYMMETRIES OF WSO SYNOPTIC MAPS
The WSO synoptic map gives the line-of-sight magnetic field with a resolution of 72 ∗ 30 (evenly
spaced in longitude and sine latitude, highest latitude bin centered at ±75.2o). We calculated the
pseudo-radial field from the line-of-sight magnetic fields. Details about the WSO synoptic maps can
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Figure 7. Weak-field asymmetries of the WSO synoptic maps. Upper panel shows rotational values of the
weak-field asymmetries. Weak-field asymmetries during the erroneous data period are shown by a dashed
line. Bottom panel reproduces the rotational weak-field asymmetries to show statistically significant (green
asterisk) and insignificant (red asterisk) weak-field asymmetry values.
be found, e.g., in Hoeksema (1984). The WSO measurements are good in that the same instru-
mentation has been operational since measurements have started in 1976. In this paper we used all
the available WSO data from CR 1642 – 2180, i.e., between 1976.3 – 2018, which makes it the only
data-set to provide data continuously with no major instrument changes during the last four solar
cycles.
Asymmetric distribution of weak photospheric magnetic field values 19
Figure 7 shows the weak-field asymmetry values obtained from the WSO synoptic maps. The
period of erroneous data in 1996 – 2001.5 (Virtanen & Mursula 2016, 2017) is depicted by a weak
dashed line in the upper panel and as a gap in the lower panel. Out of 479 (this number does not
include weak-field asymmetries for the erroneous data period). For WSO weak-field asymmetries,
440 (92%) are statistically significant. Note also the greatly similar evolution of asymmetries in WSO
and SOLIS/VSM over the overlapping time since 2003.
8. COMPARING THE WEAK-FIELD ASYMMETRY VALUES OF THE SIX DATA-SETS
We now compare the weak-field asymmetries of all the six data-sets repeated in Figure 8. The
upper panel shows the rotational values of the weak-field asymmetries derived from the original maps
of the six data-sets. Note that the original resolution of the different data-sets varies a lot. Second
panel presents the rotational values of the weak-field asymmetries at the common 360*180 resolution
for VSM, HMI, MDI, KPVT (for KPVT this is the original resolution) and MWO. Third panel
depicts the weak-field asymmetry values at 72*30 resolution for all the six data-sets. (This is the
original resolution of WSO). The bottom panel presents the 13-rotation running mean values of the
72*30 rotational values depicted in the third panel. (Running mean values are calculated with the
condition that at least 7 out of 13 rotations must have a measured value for each running mean value.)
As can be seen from the third panel of Figure 8, the weak-field asymmetry values derived from
the six data-sets agree very well for the lowest-resolution 72*30 maps. The agreement is even better
visible in the 13-rotation running mean values (bottom panel), where the annual variation seen in the
third panel in some data-sets is averaged out. In fact, the weak-field asymmetries vary fairly similarly
over the 44-year interval for all available data-sets shown in Figure 8. The KPVT weak-field asym-
metries show larger values than other data-sets at the same resolution, especially during 512-channel
magnetograph period. MDI shows excessively large weak-field asymmetries since about 2000 which
is most likely related to shutter noise (Liu et al. 2004). The values of weak-field asymmetries most
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Figure 8. Weak-field asymmetries of the five data-sets at different resolutions. Upper panel gives rotational
values of weak-field asymmetries obtained from VSM (blue line), HMI (red line), MDI (black line), WSO
(magenta line), KPVT (green line) and MWO (cyan line) original resolution synoptic maps. The periods of
erroneous WSO (from 1996 – 2001.5) and MDI weak-field asymmetry values after 2003 are ignored. Second
panel gives rotational values of weak-field asymmetries for VSM (blue line), HMI (red line), MDI (black
line), KPVT (green line) and MWO (cyan line) synoptic maps at 360*180 resolution. Third panel gives the
rotational values of weak-field asymmetry of VSM, HMI, MDI, WSO, KPVT, and MWO synoptic maps at
72*30 resolution. Bottom panel gives the 13-rotation running mean values of third panel.
often increase as the resolution of synoptic maps becomes lower, which is best seen for HMI and VSM.
We calculated correlation coefficients (r) and the corresponding p-values of the rotational weak-
field asymmetries among the five data-sets at different resolutions. Table 1 shows the calculated r
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(and p in parenthesis) between VSM (for three maps shown in Figure 5) and HMI (for five types of
maps shown in Figure 3), between VSM (three types) and MWO (for three types of maps shown in
Figure 6), between VSM (three types) and WSO, between KPVT (for two types of maps shown in
Figure 5) and MWO (three types), between KPVT (two types) and WSO, between WSO and HMI
(five types), and between WSO and MWO (three types). Note that when calculating r, the WSO
weak-field asymmetries in 1996 – 2001.5 are ignored. Also we do not calculate r between MDI and
any other data-sets, as time interval of reliable MDI weak-field asymmetries is too short.
As can be seen from Table 1, the correlation between VSM and HMI weak-field asymmetries is
highest (r = 0.9) for the low-resolution maps (VSM 72*30 vs HMI 120*48 and VSM 72*30 vs HMI
72*30). Overall, the weak-field asymmetries of the two lowest-resolution VSM synoptic maps cor-
relate extremely significantly (p < 10−7) with the weak-field asymmetry values of all the five types
of the HMI synoptic maps, and with WSO maps. The weak-field asymmetry values of all the five
types of the HMI synoptic maps are even more significant (p < 10−14) with the WSO weak-field
asymmetries and the significance mainly increases as the resolution of HMI synoptic map decreases.
The significance of correlations between VSM and WSO also greatly varies with VSM resolution.
The lowest-resolution VSM synoptic map yields also significant correlations (p < 10−4) with the
weak-field asymmetry values of all the three types of the MWO synoptic maps. The same is true for
the lowest-resolution KPVT synoptic maps with MWO (p < 10−4). The correlations between the
two types of KPVT synoptic maps and WSO synoptic maps are also significant (p < 10−2). The
WSO-MWO correlations are also extremely significant (p < 10−25).
9. DISCUSSION AND CONCLUSIONS
In this paper we have studied the distribution of the weak values of the photospheric magnetic
field using several data-sets. We calculated the possible shifts of the maximum of the Gaussian-fitted
distribution of weak-field values from zero, here called the weak-field asymmetries and studied their
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Table 1. Correlation coefficients between the weak-field asymmetry values from two simultaneous data-sets.
Corresponding p-values are given in parenthesis.
vs
HMI
(3600*1440)
HMI
(360*180)
HMI
(180*72)
HMI
(120*48)
HMI
(72*30)
MWO
(971*512)
MWO
(360*180)
MWO
(72*30)
WSO
(72*30)
VSM (1800*900)
0.41
(6.10−5)
0.36
(5.10−4)
0.26
(0.01)
0.30
(4.10−3)
0.30
(4.10−3)
-0.13
(0.19)
−5.10−4
(1.0)
−2.10−3
(0.98)
0.17
(3.10−2)
VSM (360*180)
0.58
(2.10−9)
0.62
(5.10−11)
0.57
(1.10−9)
0.60
(3.10−10)
0.58
(3.10−9)
-0.04
(0.7)
-0.01
(0.9)
-0.02
(0.89)
0.43
(4.10−8)
VSM (72*30)
0.60
(2.10−10)
0.77
(6.10−19)
0.88
(1.10−27)
0.90
(4.10−34)
0.90
(2.10−33)
0.47
(3.10−7)
0.38
(4.10−5)
0.5
(2.10−8)
0.82
(6.10−39)
KPVT (360*180) - - - - -
0.16
(2.10−3)
0.12
(2.10−1)
0.14
(7.10−3)
0.16
(5.10−3)
KPVT (72*30) - - - - -
0.20
(8.10−5)
0.23
(6.10−6)
0.24
(1.10−6)
0.37
(7.10−11)
WSO (72*30)
0.74
(2.10−15)
0.87
(3.10−27)
0.90
(6.10−32)
0.92
(6.10−36)
0.91
(2.10−32)
0.5
(6.10−31)
0.5
(1.10−26)
0.57
(2.10−36)
statistical significance, temporal occurrence and similarity among the many data sets.
We compared the weak-field asymmetries obtained from high- (original), medium- and low-
resolution versions of a given synoptic map. We found that weak-field asymmetry values are mostly
fairly small for high-resolution maps, but increase systematically with decreasing resolution. A large
fraction (from 40% to 95%) of weak-field asymmetry values are statistically significant at any res-
olution. This percentage is large even for the highest-resolution maps and increases systematically
for lower-resolution maps. Moreover, we have shown that the rotations with significant non-zero
weak-field asymmetries already appear at the highest resolution, and have mostly the same sign for
the different resolutions.
We calculated the correlation coefficients and p-values for the weak-field asymmetries between all
the different resolutions of the five data-sets (MDI was left out). The weak-field asymmetries vary
fairly similarly over the 44-year interval in the different data-sets. Significance of correlations of
weak-field asymmetries is very high for low-resolution maps. This good agreement between the many
data-sets is outstanding, taking into account the many differences between the data-sets due, e.g.,
to instrumental, measurement and calibration differences, as well as differences in the construction
of synoptic maps. This gives strong evidence for the physical, non-random nature of the weak-field
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asymmetry values.
The common assumption that the maximum weak-field distribution should be at zero field is based
on the idea that measurements are spatially too inaccurate to resolve the ultimate scale of magnetic
field elements. A zero maximum of the field distribution means that either the magnetograph has,
due to insufficient spectral resolution, a threshold below which magnetic field elements are unde-
tectable and the region is observationally unmagnetized for the instrument (Harvey & White 1999),
or that the magnetograph has an insufficient spatial resolution so that the fluxes of opposite polarity
fields within the spatial scale of that instrument cancel each other.
We compared the weak-field asymmetries obtained from high- and low-resolution synoptic maps
and found that the weak-field asymmetries for high-resolution maps are typically considerably smaller
than for low-resolution maps. Our results, especially for HMI and VSM weak-field asymmetries show
that for reliable high-resolution maps, the weak-field distribution has its maximum at a rather small
field value which, however, still can be statistically significant and typically has the same sign as the
low-resolution maps. For low-resolution synoptic maps, the maximum of the distribution shows very
often a considerably larger weak-field asymmetry value, which is highly significant, and has typically
the same sign (and quite similar absolute values) for the different data-sets.
We note that, although not explicitly shown in this paper, we have also studied the asymmetries of
the individual magnetograms (from which the synoptic maps are constructed) and found out that,
while the histogram peaks of these images are random, the Gaussian fits of the weak-field distribution
yield closely similar (statistically significant), physical weak-field asymmetries as the synoptic maps.
This further verifies the reliability of the results obtained from synoptic maps.
The appearance of large weak-field asymmetries for low-resolution synoptic maps indicates that we
start seeing an asymmetric distribution of magnetic fields at the supergranulation scale. The average
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size of supergranulation diameter is about 2.4o or 30 000 km (see, e.g., Pevtsov et al. 2016; Rincon
& Rieutord 2018). In the case of synoptic maps, this scale corresponds to the resolution of about
150*75. Accordingly, the effect of supergranulation in the weak-field distribution is not well detected
in synoptic maps which have a resolution higher than 150*75.
Concluding, our results suggest that the (non-zero) weak-field asymmetries reflect a real feature
in the distribution of positive and negative weak-field values produced most effectively at the super-
granulation scale, which can be best seen in medium- and low-resolution synoptic maps.
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